1. Introduction {#sec0005}
===============

Despite evidence that physical activity participation is associated with improved cognitive function ([@bib0150]), academic performance ([@bib0040], [@bib0060]), and overall health ([@bib0035]) in children, there remains an overwhelming decline in the amount of time dedicated to physical activity across the school day ([@bib0015], [@bib0045]). Such trends co-occur with the increasing prevalence of sedentary behaviors in industrialized society ([@bib0225]) and are accompanied by increasing rates of obesity, type-2 diabetes, and other metabolic disorders ([@bib0050]). To counteract these developments, organizations have begun to advocate acute activity breaks in the classroom ([@bib0220]), and in recent years the number of investigations surrounding the impact of active teaching lessons has steadily risen (e.g., [@bib0100], [@bib0190]). In addition, studies focusing on single bouts of physical activity indicate that increasing the amount of time spent physically active may foster transient cognitive benefits ([@bib0285], [@bib0305]), which have important implications for scholastic performance.

One such aspect of cognition that has received much attention in recent years is cognitive control (i.e., top-down goal directed behavior), which has been found amenable to interventions consisting of a single bout of moderate physical activity ([@bib0025], [@bib0105], [@bib0160], [@bib0260]). However, few studies have ventured beyond demonstrating a link between the effects of physical activity on cognition by delving deeper into questions regarding how, and in what context, this beneficial relationship exists. Accordingly, the aim of the present investigation was to explore individual differences in cognitive control capacity and whether a single bout of physical activity may modulate individual differences in this aspect of cognition. Given the importance of cognitive control for scholastic performance ([@bib0090], [@bib0145], [@bib0155]), this research has implications for how physical activity may be implemented during the school day among children who demonstrate variability in cognitive behaviors.

The term 'cognitive control' refers to operations responsible for motivated actions and self-regulation that assist in selecting, scheduling, maintaining, and coordinating the computational processes that underlie perception, memory, and action ([@bib0235], [@bib0270]). Within the domain of cognitive control lie interrelated processes of inhibition, working memory, and cognitive flexibility ([@bib0085], [@bib0215]), which have been examined using neuroimaging techniques such as event-related brain potentials (ERPs). The high temporal resolution of ERPs offers a comprehensive means for assessing aspects of the information processing stream that comprise cognitive control or other related processes as they unfold. The present study utilized ERP techniques during a modified version of the Eriksen flanker task ([@bib0130]) to assess inhibitiory control, one aspect of cognitive control. Common ERP components that reflect aspects of information processing involved in inhibitory control include the N2 ([@bib0275]) and P3 ([@bib0095]), which occur following the presentation of a stimulus. During the flanker task, modulation of the N2 component is thought to represent the need to upregulate control over incorrect response preparation ([@bib0135]), with the amplitude associated with the ability to monitor response conflict (i.e., larger amplitude is associated with increased conflict; [@bib0275]). A second component that is modulated by alterations in the stimulus environment is the P3 component. The amplitude of this component is thought to reflect attentional resource allocation during stimulus engagement (i.e., larger amplitude is associated with greater allocation of resources; [@bib0250]), and the latency is theorized to represent an index of stimulus classification and evaluation speed, independent of response selection and action (i.e., shorter latency is associated with faster processing speed; [@bib0110], [@bib0330]).

Previous acute exercise research, utilizing ERP techniques has demonstrated better task performance, which was accompanied by increased P3 amplitude only for trials requiring the upregulation of inhibitory control following exercise ([@bib0160], [@bib0260]). The findings suggested that acute exercise selectively modulates cognitive control during tasks that necessitate greater amounts of inhibition. The present study sought to further tease apart this relationship using these previously published investigations by examining combined cohorts of preadolescent children who differ in their inhibitory control ability. That is, a great deal of research has investigated individual differences in cognitive control capacity (see [@bib0125] for review) with children of lower capacity demonstrating increased behavioral issues in the classroom, inattentiveness, and high levels of distractibility ([@bib0005]). Further, previous research in adults has examined individual differences in working memory following a single bout of exercise ([@bib0280]). The results indicated that following the cessation of walking the lowest performing group increased performance above baseline measures, with no significant change observed for the higher-performing groups ([@bib0280]). This finding suggests that the acute exercise effects were selective to individuals with poor cognitive performance at baseline. Thus, a logical extension of these findings would be to determine whether single bouts of physical activity have influence upon children whom differ along other aspects of cognitive (i.e., inhibitory) control.

Accordingly, exercise-induced modulation in task performance and neuroelectric function were examined in preadolescent children who differed in their inhibitory control capacity. To date, no such research has explored whether single bouts of physical activity differentially modulate cognitive control in children who vary in their capacity to perform such functions. However, based on previous research ([@bib0125], [@bib0280]), it was hypothesized that only the lower-performing children would exhibit greater response accuracy following exercise. That is, higher-performing children were expected to display a markedly smaller change in performance. Further, predictions surrounding the P3 component were expected to mirror prior findings in children and young adults indicating a disproportionately larger change during task conditions necessitating the upregulation of inhibitory control ([@bib0165], [@bib0160], [@bib0260]). It was also expected that larger change in P3 amplitude would be observed for the lower-performing children following the single bout of exercise; thus reflecting a neural mechanism for the observed disproportionate behavioral change.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

Data for the current investigation were combined from two equal subsets of children engaged in identical protocols involving acute exercise and cognitive assessment ([@bib0160], [@bib0260]; see [Fig. 1](#fig0005){ref-type="fig"}).[1](#fn0005){ref-type="fn"} [Table 1](#tbl0005){ref-type="table"} provides demographic information for the study sample. A total of 40 (27 females) healthy 8--10 years old children from the east-central Illinois region were included in the current investigation. Participants and their legal guardian signed informed assent and consent waivers approved by the Institutional Review Board (IRB) of the University of Illinois at Urbana-Champaign. Guardians were asked to complete a health history and demographics questionnaire, as well as other documentation indicating that their child was free of neurological diseases, attentional disorders (indexed by the ADHD Rating Scale IV; [@bib0115]), physical disabilities that could be exacerbated by exercise participation (Physical Activity Readiness Questionnaire \[PAR-Q\]; [@bib0300]), and that participants had normal or corrected-to-normal vision. Additionally, pubertal timing data were acquired using the Tanner Staging System ([@bib0290], [@bib0295]), which was completed by the guardian in cooperation with the participant. All participants were prepubescent (i.e., a score ≤2 on a 5 point scale) at the time of testing. Socioeconomic status (SES) was calculated using a trichotomous index based on: (1) highest level of education obtained by the mother and father, (2) number of parents who worked full time, and (3) participation in a free or reduced-price lunch program at school ([@bib0030]). In accordance with a priori hypotheses, the sample population was bifurcated into two groups (higher-performers and lower-performers) based on flanker task performance for incongruent trials (i.e., the condition requiring the greatest amount of inhibitory control) during the seated rest condition. Accuracy was selected to represent inhibitory control, rather than reaction time, due to the differential control in response speed in children compared to adults. That is, children demonstrate impulsive response selection resulting in maintenance of reaction time across trial types regardless of increasing cognitive control demand ([@bib0065], [@bib0080]). Adults, however, slow response selection in order to maintain response accuracy during difficult trial types. Thus, accuracy, compared to reaction time, more accurately reflects inhibitory control in children ([@bib0080]). Accordingly, a median split identified higher-performers as those that scored at or above 82.33%, and lower-performers as those that scored below 82.33% on incongruent accuracy measures during the seated rest (i.e., baseline) condition (see [Table 2](#tbl0010){ref-type="table"}).Fig. 1Enrollment flow chart demonstrating the origin of higher- and lower-performing participants collected from two separate published studies ([@bib0260], [@bib0160]).Table 1Mean (SE) values for higher- and lower-performer\'s demographic information and fitness data.MeasureAll participantsHigher performersLower performers*n*40 (27 females)20 (13 females)20 (14 females)Age (years)9.7 (0.7)9.8 (0.1)9.6 (0.2)SES2.3 (0.1)2.4 (0.1)2.3 (0.1)Tanner1.4 (0.4)1.5 (0.1)1.4 (0.1)BMI (kg/m^2^)19.2 (0.8)20.3 (1.3)18.2 (1.0)K-BIT (IQ)119.7 (1.8)118.8 (2.1)120.6 (3.1)*V*O~2max~ (ml/kg/min)40.3 (1.1)40.1 (1.6)40.5 (1.6)*V*O~2max~ (percentile)22 (3.8)20.6 (5.7)23.4 (5.3)Walking mean HR (bpm)128.3 (1.2)127.1 (1.4)129.1 (1.9)HR~max~ (bpm)190.8 (1.9)190.2 (2.1)191.3 (3.4)[^1]Table 2Mean (SE) values for neuroelectric and behavioral measures as a function of performance and session.Higher performersLower performersMeasureWalkingSeated restWalkingSeated restRT (ms) congruent507 (14)500 (15)504 (15)477 (16)RT (ms) incongruent541 (13)534 (18)552 (15)535 (18)Accuracy (%) congruent93.7 (1.1)94.2 (1.0)93.6 (1.0)87.5 (1.3)Accuracy (%) incongruent89.2 (1.6)90.2 (1.2)87.1 (1.7)73.8 (1.4)RT interference34.1 (5.5)34.2 (7.5)47.6 (5.5)57.8 (7.5)Accuracy interference4.5 (1.0)3.9 (1.2)6.5 (1.3)13.7 (1.3)N2 amplitude (μV)−1.8 (0.9)−5.3 (1.6)−3.3 (0.9)−5.9 (1.6)N2 latency (ms)249 (6.9)246 (8.6)228 (6.8)232 (8.6)P3 amplitude (μV)8.5 (1.0)8.0 (0.9)9.4 (1.0)5.2 (0.9)P3 latency (ms)383 (9.1)411 (9.8)404 (9.2)421 (9.8)[^2]

2.2. Flanker {#sec0020}
------------

All participants completed a modified version of the Eriksen flanker task ([@bib0130]) to assess aspects of cognitive control including inhibition. All stimuli were presented focally on a computer screen at a distance of approximately 1 m using Neuroscan Stim software (Compumedics, Charlotte, NC). Participants were instructed to attend to the center target stimulus amid four identical flanking stimuli that were either congruent (i.e., facing the same direction) or incongruent (i.e., facing the opposite direction; [@bib0105], [@bib0160], [@bib0260]), and respond as quickly and accurately as possible with a thumb press in accordance with the directionality of the target using a response pad. Two blocks of 100 trials were presented with equiprobable congruency and directionality. Differences between the combined protocols included stimulus type (3 cm tall goldfish on a blue background vs. 2.5 cm tall white arrows on a black background), duration (200 ms vs. 120 ms), and interstimulus interval (fixed 1700 ms vs. variable 1100 ms, 1300 ms, and 1500 ms).[2](#fn0010){ref-type="fn"}

2.3. Neuroelectric assessment {#sec0025}
-----------------------------

Electroencephalographic (EEG) activity was recorded from 64 electrode sites arranged according to the international 10-10 System ([@bib0055]) using a Neuroscan Quick-Cap (Compumedics, Charlotte, NC). Prior to EEG recordings all electrodes maintained an impedance \<10 kΩ. Online, continuous data were referenced to a midline electrode placed at midpoint between Cz and CPz with AFz electrode site serving as the ground. Additional electrodes were placed above and below the left orbit and outer canthus of each eye to monitor electrooculograhic (EOG) activity. Continuous data were digitized at a sampling rate of 500 Hz, amplified 500 times with a DC to 70 Hz filter, and a 60-Hz notch filter was applied using a Neuroscan SynAmps2 amplifier. Offline, continuous data were referenced to averaged mastoids (M1, M2) rather than an average reference of all sensors because the 64 channel electrode array utilized in the present investigation did not cover a sufficient surface area of the entire head (i.e., no sensors were placed in the ventral region below the FPz-T7-Oz-T8 equator) to warrant appropriate mathmatical justification for use of this method. Further, data were corrected for EOG artifacts using a spatial filter ([@bib0070]). Trials were rejected if a response error occurred or an identified artifact exceeded ±75 μV. ERPs were acquired for flanker trials using stimulus-locked epochs for correct trials from −100 to 1000 ms, which were baseline corrected using the −100 to 0 ms prestimulus period and filtered using a zero-phase shift low-pass filter at 30 Hz (24 dB/oct). The latency and amplitude for each ERP component was quantified using the local peak amplitude and corresponding latency within a 200--400 ms latency window for the N2, and a 300--600 ms latency window for the P3.

2.4. Cardiorespiratory fitness assessment {#sec0030}
-----------------------------------------

Maximal oxygen consumption (*V*O~2max~) was collected by a computerized indirect calorimetry system (ParvoMedics True Max 2400, Sandy, UT) with measures of heart rate (HR), average respiratory exchange ratio (RER), and oxygen uptake assessed every 20 s. *V*O~2max~ was expressed as milliliters per kilogram of body weight per minute (ml/kg/min). A Polar HR monitor (model A1: Polar Electro, Finland) was fitted to each participant prior to assessment, which took place on a motor-driven treadmill (Life Fitness 93T Classic; Brunswick Corporation, Schiller Park, IL) and followed a modified Balke protocol ([@bib0010]). Every 2 min, workload (treadmill incline) was increased by 2.5%, and ratings of perceived exertion (RPE) were measured using the pictographic children\'s OMNI Scale ([@bib0315]), which ranges from a score of 0, "not tired at all", to 10, "very, very tired". All participants were provided a 2 min walking warm-up prior to running speed being held constant throughout the remainder of the assessment until volitional exhaustion. Criterion for achieving *V*O~2max~ included achieving two or more of the following: (a) a plateau in oxygen consumption evidenced by an increase in workload with a corresponding increase of \<2 ml/kg/min, (b) a peak HR ≥ 185 bpm ([@bib0010]) and an HR plateau ([@bib0140]), (c) RER ≥ 1.0 ([@bib0020]), and/or (d) RPE on the children\'s OMNI scale ≥8 ([@bib0315]).

2.5. Procedure {#sec0035}
--------------

The protocol used a within-subjects design in which all participants completed two separate cognitive testing sessions in the lab at approximately the same time of day on separate days (8.5 ± 8.4 days between sessions). These testing sessions were conducted following 20 min of either moderate intensity treadmill walking at an intensity of 60--70% of maximal HR, or quiet rest while seated in a chair that was safely placed on the same treadmill. All preliminary paperwork (i.e., informed consent/assent, demographics, and prescreening measures) were completed by the guardian and participant. Trained laboratory staff also administered the Edinburgh Handedness Inventory ([@bib0245]) to determine hand dominance, as well as the Kaufman Brief Intelligence Test (K-BIT; [@bib0185]) to assess intelligence quotient. *V*O~2max~ assessment was always performed on a separate testing day or following the resting cognitive session to avoid any confounding effects of acute physical activity. As such, participants were instructed to avoid all moderate to vigorous physical activity throughout the day prior to testing while trying to adhere as closely as possible to their normal routine. Session order was randomized and counterbalanced such that half of the participants received the exercise session prior to their rest day, and vice versa. At the start of each session participants were fitted with a Polar HR monitor to measure resting HR, followed by HR and RPE recordings every 2 min. Following each session (i.e., exercise or seated rest), participants were outfitted with an electrode cap in preparation for EEG recordings during flanker task performance. During this time (∼22.5 ± 3.4 min), participants' HR was allowed to return to within 10% of baseline to avoid any general arousal effects on ERP measures stemming from exercise participation. Once cap preparation was completed, participants were seated in a quiet testing chamber, provided task instructions, and sufficient practice trials prior to performing the task. Upon completion of the study, participants were briefed on the purpose of the study and received \$10/h remuneration.

2.6. Statistical analysis {#sec0040}
-------------------------

Statistical procedures were conducted using SPSS v.19 (SPSS, Chicago, IL). Repeated-measures ANOVAs were performed with higher- and lower-performers as the between-subjects factor. Findings are reported using the Greenhouse--Geisser correction statistic for violations of sphericity. The family-wise alpha level was set at 0.05, and Bonferroni corrected *t*-tests were used for post hoc comparisons and reported using mean and standard error (SE). Further reporting included partial *η*^2^ and estimated effect size for main effects and interactions. Flanker accuracy percentage and mean reaction time (RT) were separately analyzed using 2 (performance: high performers, low performers) × 2 (session: rest, exercise) × 2 (congruency: congruent trials, incongruent trials) models. Additionally, analysis of flanker accuracy and RT interference was performed separately using a 2 (performance) × 2 (session) model. Further, the ERP analysis was performed using peak amplitude and latency of the N2 and P3 components. N2 amplitude and latency were entered into separate 2 (performance) × 2 (session) × 2 (congruency) × 3 (site: Fz, FCz, Cz) models. P3 analysis was similar to the N2 analysis, save for the inclusion of 7 sites: Fz, FCz, Cz, CPz, Pz, POz, Oz. Lastly, given the nature of bifurcating groups according to task peformance, significant behavioral results were expected between higher- and lower-performers during the rest session, which served as a manipulation check.

3. Results {#sec0045}
==========

[Table 2](#tbl0010){ref-type="table"} provides mean (SE) values of neuroelectric and behavioral measures as a function of performance and session. All significant results are represented in [Table 3](#tbl0015){ref-type="table"} for behavioral task performance and [Table 4](#tbl0020){ref-type="table"} for neuroelectric measures. Initial analyses were performed to determine confounding variables related to session order. The omnibus analyses for flanker behavior performance as well as the ERP components of N2 and P3 revealed no interaction, *F*\'s(1, 36) ≤ 2.7, *p* ≥ 0.11, thus all further analyses were collapsed across session order.Table 3Summary of statistical analyses for behavioral performance.Effect*Fdf*~1~/*df*~2~*pη*^2^*Flanker mean RT*Congruency120.71, 38\<0.0010.76Performance × congruency6.01, 380.0190.14  *Flanker accuracy*Performance21.31, 38\<0.0010.36Session23.41, 38\<0.0010.38Congruency132.81, 38\<0.0010.78Performance × session32.71, 38\<0.0010.46Performance × congruency26.11, 38\<0.0010.41Congruency × session6.71, 380.0130.15Performance × congruency × session9.91, 380.0030.21  *Flanker accuracy interference*Performance26.11, 38\<0.0010.41Session6.71, 380.0130.15Performance × session9.81, 380.0030.21[^3]Table 4Summary of statistical analyses for N2 & P3 neuroelectric measures.Effect*Fdf*~1~/*df*~2~*pη*^2^*N2 ERP amplitude*Session10.41, 380.0030.21Site6.61.3, 47.90.0090.15  *P3 ERP amplitude*Session9.71, 380.0040.20Site6.41.9, 740.0030.14Performance × session6.31, 380.0160.14  *P3 ERP latency*Session10.01, 380.0030.21Site4.33.3, 1240.0050.10[^4]

3.1. Task performance {#sec0050}
---------------------

### 3.1.1. Reaction time {#sec0055}

The omnibus analysis for flanker mean RT revealed a main effect of congruency (see [Table 3](#tbl0015){ref-type="table"}), *F*(1, 38) = 120.7, *p* \< 0.001, *η*^2^ = 0.76, that was superseded by a performance × congruency interaction, *F*(1, 38) = 6.0, *p* = 0.019, *η*^2^ = 0.14. Post hoc tests indicated shorter RT for congruent trials for higher- (503.8 ± 12.3 ms) and lower-performers (490.6 ± 13.7 ms) compared to incongruent trials (higher-performers: 537.9 ± 13.3 ms, lower-performers: 543.3 ± 13.8 ms), *t*\'s(19) ≥ 8.1, *p*\'s \< 0.001. No further significant main effects or interactions were observed for mean RT, *F*\'s(1, 38) ≤ 1.8, *p* ≥ 0.187, *η*^2^ ≤ 0.05.

### 3.1.2. Accuracy {#sec0060}

The omnibus analysis for flanker accuracy revealed main effects of all factors (see [Table 3](#tbl0015){ref-type="table"}), *F*\'s(1, 38) ≥ 6.7, *p* ≤ 0.013, *η*^2^ ≥ 0.15, that was superseded by a performance × congruency × session interaction, *F*(1, 38) = 9.9, *p* = 0.003, *η*^2^ = 0.21. Post hoc tests indicated greater mean accuracy for only lower-performers following exercise (congruent: 93.6 ± 1.0%, incongruent: 87.1 ± 1.7%) compared to following seated rest (congruent: 87.5 ± 1.3%, incongruent: 73.8 ± 1.4%) for both trial types, *t*\'s(19) ≥ 5.0, *p* \< 0.001. Flanker accuracy for higher-performers did not modulate following exercise, *t*\'s(19) ≤ 0.7, *p* ≥ 0.52. In addition, comparison of trial types within sessions revealed greater mean accuracy for higher-performers (congruent: 94.2 ± 1.0%, incongruent: 90.2 ± 1.2%) compared to lower-performers (congruent: 87.5 ± 1.3%, incongruent: 73.8 ± 1.4%) for both trial types (with incongruent trials serving as a manipulation check due to the bifurcation of groups according to performance during the rest session), and only following seated rest, *t*\'s(38) ≥ 4.1, *p* \< 0.001, indicating that following exercise lower-performers improved performance to a level comparable to higher-performers (see [Table 2](#tbl0010){ref-type="table"}).

### 3.1.3. Interference {#sec0065}

A secondary analysis for flanker mean RT interference (incongruent--congruent) revealed no significant main effects or interactions involving performance or session, *F*\'s(1, 38) ≤ 0.9, *p* ≥ 0.342, *η*^2^ ≤ 0.02. However, for task performance (congruent--incongruent), an interference effect of session was observed, *F*(1, 38) = 7.1, *p* = 0.011, *η*^2^ = 0.16, that was superseded by a performance × session interaction, *F*(1, 38) = 9.9, *p* = 0.003, *η*^2^ = 0.21. Decomposition of the interaction indicated greater mean interference for lower-performers following seated rest (13.7 ± 1.3%) compared to following exercise (6.5 ± 1.3%), *t*(19) = 3.4, *p* = 0.003, and compared to higher-performers (3.9 ± 1.2%) following seated rest (see [Table 2](#tbl0010){ref-type="table"}), *t*(38) = 5.5, *p* \< 0.001, indicating that following exercise lower-performers decrease accuracy interference to a level consonant with higher-performers. Further, higher-performers, unlike lower-performers, did not modulate interference accuracy across sessions, *t*(19) = 0.4, *p* = 0.66 (see [Table 2](#tbl0010){ref-type="table"}).

3.2. Neuroelectric measures {#sec0070}
---------------------------

### 3.2.1. N2 amplitude {#sec0075}

The omnibus analysis for N2 amplitude revealed a main effect of session, *F*(1, 38) = 10.4, *p* = 0.003, *η*^2^ = 0.21, indicating smaller mean N2 amplitude for all participants following exercise (−2.6 ± 0.7 μV) compared to following seated rest (−5.6 ± 1.1 μV; see [Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}). Further, analysis revealed a main effect of site, *F*(1.3, 47.9) = 6.6, *p* = 0.009, *η*^2^ = 0.15, with post hoc tests indicating Fz and FCz exhibiting significantly larger amplitude (Fz: −4.7 ± 0.9 μV, FCz: −4.7 ± 1.0 μV) relative to Cz (−2.8 ± 0.7 μV), *t*\'s(39) ≥ 2.6, *p*\'s ≤ 0.013. No other main effects or interactions were observed for N2 amplitude or latency (see [Table 4](#tbl0020){ref-type="table"}).Fig. 2Topographic plots of N2 amplitude collapsed across congruency and performance.Fig. 3Stimulus-locked grand-average waveform from (A) the FCz electrode site and (B) the Pz electrode site, collapsed across congruency conditions for higher- and lower-performers.

### 3.2.2. P3 amplitude {#sec0080}

The omnibus analysis for P3 amplitude revealed a main effect of session, *F*(1, 38) = 9.7, *p* = 0.004, *η*^2^ = 0.20, that was superseded by an interaction of performance × session, *F*(1, 38) = 6.3, *p* = 0.016, *η*^2^ = 0.14. Post hoc tests indicated smaller P3 amplitude for lower-performers following seated rest (5.2 ± 0.8 μV) compared to after exercise (9.4 ± 1.1 μV), *t*(19) = 4.3, *p* ≤ 0.001, and compared to higher-performers following seated rest (8.0 ± 0.9 μV), *t*(38) = 2.3, *p* = 0.025 (see [Fig. 3](#fig0015){ref-type="fig"}, [Fig. 4](#fig0020){ref-type="fig"}). In accordance with behavior results, higher-performers' P3 amplitude did not significantly modulate following exercise, *t*(19) = 0.4, *p* = 0.67. Further analysis revealed a main effect of site, *F*(1.9, 74) = 6.4, *p* = 0.003, *η*^2^ = 0.14, with post hoc tests indicating Pz as the site of maximal amplitude (9.2 ± 0.7 μV) compared to FCz (6.7 ± 0.7 μV) and Fz, (5.5 ± 0.6 μV), *t*\'s(39) ≥ 3.2, *p*\'s ≤ 0.002. Further analysis revealed numerically larger, but nonsignificant, amplitude at Pz (9.2 ± 0.7 μV) compared to POz (8.5 ± 0.8 μV), CPz (8.2 ± 0.6 μV), Oz (8.3 ± 1.0 μV), and Cz (8.0 ± 0.7 μV), *t*\'s(39) ≥ 1.4, *p*\'s ≤ 0.159. No other main effects or interactions were observed for P3 amplitude (see [Table 4](#tbl0020){ref-type="table"}).Fig. 4Topographic plots of P3 amplitude collapsed across congruency for higher- and lower-performers.

### 3.2.3. P3 latency {#sec0085}

The omnibus analysis for P3 latency revealed a main effect of session, *F*(1, 38) = 10, *p* = 0.003, *η*^2^ = 0.21, indicating shorter P3 latency for all participants following exercise (394 ± 6.5 ms) compared to following seated rest (416 ± 6.8 ms; see [Fig. 3b](#fig0015){ref-type="fig"}). Further analysis revealed a main effect of site, *F*(3.3, 124) = 4.3, *p* = 0.005, *η*^2^ = 0.10, with post hoc tests indicating Oz as the site with the shortest latency (393.2 ± 6.3 ms) compared to Cz (412.3 ± 6.0 ms) and CPz (412.0 ± 7.1 ms), *t*\'s(39) ≥ 2.8, *p*\'s ≤ 0.007. No further effects or interactions were observed for P3 latency (see [Table 4](#tbl0020){ref-type="table"}).

4. Discussion {#sec0090}
=============

Overall, findings revealed that a single, acute bout of moderate aerobic exercise facilitates cognitive performance, with more widespread effects observed for the lower-performing group. Specifically, lower-performers demonstrated improvements in response accuracy and interference measures to a level comparable to that of higher-performers following the cessation of exercise. By contrast, no behavioral modulation was observed for the higher-performing group. Examination of neuroelectric measures indicated that P3 amplitude modulation supported the behavioral findings, such that lower-performers exhibited larger P3 amplitude (equivalent to that of higher-performers) following the cessation of the exercise bout; an effect that was not realized during the seated rest condition. In addition, shorter P3 latency and decreased N2 amplitude was observed across both groups following exercise, suggesting faster cognitive processing speed and a reduction in response inhibition associated with conflict monitoring following the cessation of exercise. Taken together, such findings suggest that single bouts of moderate intensity exercise may have a disproportionate benefit to children characterized by lower inhibitory control capacity.

4.1. Task performance {#sec0095}
---------------------

Novel to the present investigation is that improvements in task performance were only manifest in lower-performing children. That is, lower-performing children exhibited better performance in flanker accuracy after exercise to a level that was equivocal to that of the higher-performing group. Interestingly, no modulation of reaction time was observed for both groups, indicating that the observed increase in task performance among lower-performers was related to improvements in underlying cognitive control strategy rather than a trade-off with response speed. Further, such findings in task performance suggested that previous acute exercise effects ([@bib0105], [@bib0160], [@bib0260]) may be driven, in part, by groups of children characterized by lower cognitive control and self-regulatory behavior.

Evaluation of prior research provides evidence for this assertion. For example, [@bib0205] reported that increasing physical activity opportunities in the classroom improved on-task behavior to a greater extent for children who demonstrated poor on-task behavior at baseline. Further, [@bib0260] examined acute exercise modulation among children with and without attention-deficit/hyperactivity disorder (ADHD), a psychological outcome characterized by deficits in self-regulatory behavior and inappropriate levels of inattentiveness. Although both groups improved performance on the flanker task following exercise, only the ADHD group exhibited an increase in a neuroelectric component (i.e., error-related negativity, ERN) that has been linked to the upregulation of processes involved in action monitoring. Importantly, this increase in the ERN potential was accompanied by an increase in task performance following errors only in the ADHD group. Such a pattern of results suggests that individual\'s exhibiting deficits in inhibitory control (i.e., ADHD) benefit from short bouts of exercise through the upregulation or effective allocation of resources directed at self-regulation.

Additional evidence may be drawn from [@bib0280] who assessed individual differences in working memory capacity among college-aged students. They found that the lowest performing group increased performance above baseline measures, with no significant change observed for the higher-performing groups. Taken together, individuals characterized by deficits in aspects of cognitive control may be more amenable to the beneficial effects associated with single bouts of moderate physical activity. As such, the current approach of identifying groups of individuals according to cognitive control ability may be an effective means for targeting specific populations that would benefit the most from physical activity interventions. Further, while physical activity has a number of acute benefits, it is not clear whether those benefits include transient changes in cognitive control for higher-performing individuals. Research should continue to pursue an individual differences approach to better understand this relationship across individuals who differ in their level of cognitive control ability.

Additionally, our combined re-analysis of flanker task performance verifies previous results ([@bib0260]) and replicates other work ([@bib0105]) demonstrating improvements post-exercise for congruent and incongruent trial types. Although a general enhancement for lower-performers was observed, it should be noted that [@bib0160] reported selective modulation for incongruent trials with only a positive, non-significant, trend for congruent trials. Such findings, in addition to neuroelectric results ([@bib0165], [@bib0160], [@bib0180], [@bib0260]), demonstrate that acute exercise selectively modulates trial types that necessitate greater amounts of inhibitory control. The present study suggests a similar conclusion. That is, while both trial types were significant, incongruent trial accuracy improved nearly 13% compared to 6% for congruent trials following exercise. Secondary analyses of the interference effect, a measure of added conflict due to the presence of incongruent flanking stimuli versus congruent flanking stimuli, revealed that lower-performs improved their accuracy by nearly 7% following exercise with no modulation observed among higher-performers. Collectively, not only do acute exercise benefits appear selective for individuals characterized by deficits in aspects of cognitive control capacity, these robust findings provide additional support for the general, yet selective modulation of inhibitory control. However, given the paucity of research with children and variations in exercise intensity, duration, modality, and cognitive performance trajectory post exercise, further investigation is necessary to better understand these selective interactions.

4.2. ERPs {#sec0100}
---------

Consonant with our a priori hypothesis, lower-performers exhibited robust modulation in P3 amplitude following a single bout of exercise, whereas higher-performers demonstrated no significant change. Interestingly, P3 amplitude modulation for both groups coincided with behavioral performance. Based on an inhibitory hypothesis of the P3 in which the amplitude reflects modulation of attentional resource allocation ([@bib0250]), the present findings suggest a link between the neural mechanisms associated with inhibitory control and the observed behavioral changes following acute exercise. This relation observed in our re-analysis confirms the robust association found previously in separate studies ([@bib0160], [@bib0260]) and replicates the association observed in young adults ([@bib0165]), in that all studies observed larger P3 amplitude following an acute bout of exercise in accordance with improvements in response accuracy. Collectively, exercise has acute, transient effects that may serve to facilitate behavioral and neuroelectrical indices reflecting an upregulation in the amount of attentional control during environmental interaction, with the current investigation providing additional evidence that such effects may be selective to individuals with lower cognitive control ability. Further, it should be noted that [@bib0260] observed a general enhancement in P3 amplitude for ADHD children and healthy controls. Although speculative, it may be that the healthy children, who were absent of an ADHD diagnosis, exhibited a wide spectrum of cognitive control behavior, since individual difference measures were not collected. Therefore, in accordance with the present findings, modulation of P3 amplitude would be expected among those who demonstrate poorer cognitive control ability, thus potentially facilitating P3 amplitude modulation in not only the group characterized by attentional deficits (i.e., ADHD children), but also the control group. However, further research is needed to better understand individual differences in cognitive control and the influence of acute exercise on P3 amplitude.

Conversely, N2 amplitude and P3 latency were modulated following exercise for both higher- and lower-performing groups. Although behavioral improvements were only observed for the lower-performing group, the additional ERP modulation suggests differential efficiency in neuroelectric processing between groups. That is, P3 latency represents the time required to detect and process a stimulus in the environment ([@bib0195]) with shorter latencies indicative of improved mental performance ([@bib0255]). Such findings suggest that acute bouts of exercise necessitate faster mental processing speed across all groups of children regardless of cognitive control differences. In addition, a reduction in N2 amplitude occurs when there is a need for reducing subsequent response conflict activation on task-relevant information ([@bib0075], [@bib0120]), with the present results suggesting that following the cessation of exercise children are better able to reduce response conflict necessitated by the distracting flanking stimuli during the flanker task. Interestingly, N2 modulation has not been reported in association with acute exercise in past studies, and thus hypotheses were not formulated a priori. However, previously published ERP waveforms ([@bib0160]) appear to demonstrate N2 modulation trending in a similar manner as to the current investigation, but statistical analysis were not reported. Alternatively, this investigation is the first to observe a significant effect of acute exercise on the modulation of the N2 component. Thus, modulation of N2 amplitude and P3 latency suggest that acute bouts of exercise necessitate a reduction in response conflict and shorter cognitive processing speed across all groups of children regardless of individual differences in cognitive control capacity. Such results further implicate the benefit of acute bouts of physical activity among children who demonstrate not only lower-inhibitory control capacity but also for children who maintain higher levels of performance. Although differential ERP modulation between groups is evident with selectively larger benefits for lower-performers, the collective results suggest that both groups benefit.

Multiple mechanisms have been proposed to account for changes in cognitive performance following exercise including general arousal ([@bib0175]), increases in oxidative cerebral blood flow ([@bib0265]), and upregulation of neuronal proliferation and cell survival (e.g., brain-derived neurotrophic factor, insulin like growth factor 1, 5-HT; [@bib0320], [@bib0325]). In addition, evaluation of transcranial direct current stimulation (tDCS) may provide new insight for proposed mechanisms based on the resemblance of the current selective ERP modulation among higher- and lower-performers and previous tDCS investigations. That is, prior tDCS research has demonstrated that through a process of artificial depolarization and hyperpolarization, utilizing a weak electrical current conducted through specific brain regions, neural cortical activation is enhanced with concurrent improvements in cognitive control performance (see [@bib0230], for review; [@bib0240], [@bib0310]). Of particular interest is the work by [@bib0310] who evaluated effects of tDCS on ERP components among high- and low-performers based on working memory task performance. Results indicated that following 15 min of tDCS, only the low-performers improved accuracy with concurrent modulation of separate ERP components related to visual attention (N2pc; [@bib0200]) and memory maintenance (SPCN or CDA; [@bib0170]) compared to sham tDCS among the same participants on a different day. Thus, the observed changes in cognitive control and accompanying neuroelectric modulation are nearly identical with the directionality of the present results, suggesting that the pathways responsible for organic exercise-induced cognitive regulation are similar to that induced artificially by tDCS, with further evidence indicating that both methods are selective to those characterized by poorer cognitive control capacity. Although a detailed discussion of the observed relationship is beyond the scope of the present investigation, such observations may provide direction for future research to effectively elucidate the underlying mechanisms associated with cognitive changes in relation to acute exercise.

Despite the observed effects following a single bout of exercise, certain limitations should be noted. First, higher- and lower-performing groups were bifurcated based on incongruent trial performance during the rest condition. An alternative approach might have been the use of interference scores since they provide a measure of the upregulation of control to manage interference during the incongruent, relative to the congruent, condition. However the current results demonstrate interference accuracy differences between groups at baseline, suggesting that incongruent trials and interference measures are consonant in delineating group differences in inhibitory control. Further, future research may benefit by incorporating an independent baseline measure of inhibitory control to parse groups. That is, without an independent measure the change in performance for the lower-performing group may reflect the regression toward the mean rather than the effect of acute exercise, as proposed herein. However, the overall pattern of ERP results and behavior performance observed for the higher-performing group contradict this possibility. Specifically, higher-performers maintained greater accuracy across the exercise and rest conditions rather than decreasing performance following exercise. Additionally, the P3 amplitude trends for both higher- and lower-performing groups parallel the behavior results and provide independent evidence of exercise-related modulation in performance. Collectively, these findings do not follow the trends associated with this statistical phenomenon and further suggest that the observed effects across groups are due to exercise.

Second, an assessment of affect or cognitive engagement was not measured during resting or exercise. Thus, although speculative, the observed behavior performance (only for lower-performers) may be associated with lassitude as a function of 20 min of quiet resting. However, given that such a relationship was not observed in the higher-performers, this is unlikely. Lastly, the null results for flanker performance among higher-performers may be limited by a ceiling effect. That is, better performance post-exercise may not have been realized for the higher-performers due to peak performance during the rest and exercise condition. Such limitations present challenges for future research given that higher-performers are expected to perform at optimal levels. Regardless, task difficulty may be an important aspect to consider in future investigations of individual differences, acute exercise, and cognition.

In conclusion, single bouts of moderate intensity exercise may be an effective means for modulating neural activity associated with the efficient allocation of attentional resources coupled with reductions in conflict monitoring. The current findings further suggest that such a relationship may be enhanced to a greater extent among groups of children characterized by lower levels of cognitive control ability. The results not only provide support for the necessity of short physical activity breaks during the school day ([@bib0220]), but also indicate the importance of using physical activity as a means of regulating attention in the classroom among children who need it most. Such findings are important given that the ability of children to regulate their behavior through cognitive control strategies varies substantially with more than 17% of healthy kindergarten age children entering school unable to effectively pay attention and modulate inappropriate behaviors ([@bib0210]). Therefore, single bouts of physical activity throughout the school day may serve as an effective tool for increasing attentiveness in the classroom, thus leading to a more effective educational environment that promotes better learning in youth.
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Only the non-ADHD control children were sampled from [@bib0260]. Thus, all participants in the present study were free of an ADHD diagnosis (see [Fig. 1](#fig0005){ref-type="fig"} for enrollment and group assignment).

Due to the slight difference in stimulus type, duration, and inter-trial interval used across flanker tasks in the two studies, statistical analyses were performed to determine confounding variables related to study sample. The omnibus analyses, which included Study as a between-subjects factor, yielded non-significant differences for flanker task performance and ERP assessment. Specifically, no interactions were observed for behavior, *F*\'s(1, 36) ≤ 0.6, *p* ≥ 0.46, *η*^2^ ≤ 0.02, or ERP components, *F*\'s(1, 36) ≤ 2.2, *p* ≥ 0.14, *η*^2^ ≤ 0.06. Thus, all analyses were collapsed across study sample. Further, the two samples did not differ on any demographic factor, *t*\'s(38) ≤ 1.5, *p*\'s ≥ 0.14. Finally, following group assignments, higher- and lower-performers were similarly distributed across samples (see [Fig. 1](#fig0005){ref-type="fig"}).

[^1]: *Note:* SES is classified as "low" (score below 2), "moderate" (score between 2 and 3), and "high" (score greater than 3); Tanner scores ≤2 indicate that children were prepubescent at the time of testing; BMI is body mass index; walking mean HR is the average heart rate during the acute walking period; HR~max~ is the maximum HR achieved during cardiorespiratory fitness (*V*O~2max~) assessment.

[^2]: *Note:* For ERP data (N2 and P3), all mean (SE) values are collapsed across congruency conditions and respective midline electrode sites; RT is mean reaction time.

[^3]: *Note:* Only significant (*p* \< 0.05) effects are reported.

[^4]: *Note:* Only significant (*p* \< 0.05) effects are reported.
